Three genes have been identified that cause, in humans, autosomally inherited parkinsonism. These are PARK2, encoding the E3 ubiquitin ligase parkin; PINK1, a mitochondrial kinase; and PARK7, which codes for the protein DJ-1. In several experimental systems, it has been shown that all three proteins impact mitochondrial function and/or oxidative stress responses. These are probably related because mitochondria produce oxidative stress in neurons. Moreover, it is clear that there are relationships between these genes, with a single pathway linking PINK1 and parkin and a parallel relationship with DJ-1. Work in progress in the field is aimed at understanding these relationships in more depth.
O ne of the promises of the genetic discoveries in Parkinson's disease (PD) is that the genes will give insight into etiology. One aspect of this is that understanding the biological processes that go awry when genes are mutated will lead to insights regarding dopamine neuron survival. In the longer term, it is further hoped that some of these pathways might be tractable for new therapeutic approaches.
However, genes and their protein products do not work alone in the cell but are, rather, organized into pathways. Proteins can have multiple functions within cells, some of which may be dependent on the signaling context of the pathway. Hence, although considering individual genes is important, we might also want to understand their relationships because this might yield important clues as to which functions are important in a specific phenotype.
The data discussed here center on three genes associated with familial parkinonsonism: parkin, PINK1 (PTEN-induced novel kinase 1), and DJ-1. I cover the data that support the notion that all of the protein products of these genes have functions related to the maintenance of mitochondria, particularly under conditions of cellular stress. I also discuss what is known regarding the relative relationships of these three genes and show that, although sometimes there are straightforward genetic pathways, there may also be more complex arrangements. First, it is important to understand the phenotype associated with these mutations in humans.
PARKIN, PINK1, AND DJ-1 MUTATIONS CAUSE PARKINSONISM, NOT PARKINSON'S DISEASE
In the original descriptions of patients with autosomal juvenilerecessive parkinsonism (ARJP), the point was made emphatically that ARJP differed from other types of parkinsonism (Ishikawa and Tsuji 1996) . Although the clinical signs of parkinsonism are present by definition, the course of the disease starts early and is generally mild and responsive to low-dose L-dopa treatment throughout the duration of the disease. In the early cases, marked sleep benefit and dystonia were also noted.
The pathology of ARJP also differs from other forms of parkinsonism. Specifically, although there is loss of dopaminergic neurons in the substantia nigra pars compacta, Lewy bodies characteristic of sporadic Parkinson's disease were not reported in the early cases (Yokochi 1997) . Subsequently, there have been reports of a-synuclein inclusions in authentic ARJP cases (Sasaki et al. 2004 ), but these structures are outside of the substantia nigra and appear morphologically distinct from classic brainstem Lewy bodies.
The underlying mutations in these ARJP cases were mapped to a gene on chromosome 6, PARK2, that encodes for a protein designated "parkin" in the original paper (Kitada et al. 1998) . Early reports included several deletions of multiple exons of PARK2, and subsequent surveys have shown that there are a very large number of deletions, duplications, nonsense, and truncated mutations in the same gene. Overall, PARK2/parkin mutations account for about half of known cases of autosomal-recessive parkinsonism (Nuytemans et al. 2010) . Because of the nature of mutations, including mutations that will very likely disrupt function, and the autosomal-recessive inheritance of ARJP, the human genetic data suggest that parkin mutations cause disease through a loss of function.
After the cloning of parkin, two more genes for autosomal-recessive parkinsonism were cloned, both mapping to chromosome 1. DJ-1 (Bonifati et al. 2003 ) had been cloned previously as an oxidative stress response protein, whereas PINK1 (Valente et al. 2004) had been identified in a microarray screen and named as "PTENinduced novel kinase 1." PINK1 mutations are less frequent than parkin mutations, and DJ-1 mutations arequite rare, butbothgenes are probably loss-of-function mutations given the presence of frameshift, early termination, and deletion mutations (Nuytemans et al. 2010) .
Critical for this discussion, both PINK1 and DJ-1 cause autosomal-recessive parkinsonism clinically and thus resemble the phenotype of PARK2/parkin mutations with early onset and a prolonged clinical course. The neuropathology of PINK1 and DJ-1 cases is not well established. One convincing mutation in PINK1 has come to autopsy and did have Lewy bodies, although there was an unusual clinical history including polysubstance abuse (Samaranch et al. 2010) . No reports of DJ-1 pathology are available in the literature at this time.
Overall, the picture of all three of these mutations is that they all share parkinsonism as a major clinical feature but that the phenotype is not the same as sporadic Lewy body PD. This could be a point of semantics, but it might be important in understanding how far we can extrapolate from one set of disease to another. Because there are many causes of parkinsonism, there is no a priori reason to link all genes together. Instead, it has been argued that saying that all PARK loci cause the same disease inappropriately conflates disparate causes into a single pathway (Hardy and Lees 2005; Hardy et al. 2009; Klein et al. 2009 ).
Therefore, despite the clinical similarity of PINK1, parkin, and DJ-1 cases and in the absence of firm pathological data, what evidence is there to argue for or against these genes functioning together in a single pathway? Much of the data addressing whether there are specific pathways for these three proteins derive from organisms other than humans, thus it is important to understand how well conserved the proteins are.
EVOLUTION OF DJ-1, PINK1, AND PARKIN DJ-1 is an evolutionarily ancient protein, because clear homologs can be found in all aerobic species as diverse as Escherichia coli and human Lucas and Marin 2007) . In some species, such as Drosophila melanogaster or Caenorhabditis elegans, there are two paralogs with different tissue expression patterns. For example, one of the fly homologs, DJ-1a, is restricted to the male germline, whereas the other, DJ-1b, is expressed in most tissues (Meulener et al. 2005) . Although the precise biochemical function is not known, it has been proposed that DJ-1 may play a role in cellular responses to oxidative stress. If dopamine neurons are lost in parkinsonism, then it follows that one way in which dopamine neurons might be lost is by exposure to oxidative stress, a theory for which there was a good amount of support before the cloning of DJ-1 (Surmeier et al. 2011) .
Both parkin and PINK1 are also conserved proteins to some extent but not quite to the same level as DJ-1, because homologs are found in most known animal species, including flies, worms, and mice, but not in bacteria or plants. Both are also members of much larger gene families; parkin is one of several hundred ubiquitin-protein E3 ligases, and PINK1 is predicted to be a serine/threonine protein kinase.
The specifics of the functions of these two enzymes are important to this discussion and are dealt with below, but one additional observation from the gene sequence is that PINK1 has an amino-terminal mitochondrial targeting sequence. Following the logic of DJ-1, if loss of PINK1 affects dopamine neurons, then this suggests that there are aspects of mitochondrial function important in parkinsonism, a hypothesis that again had been evaluated in the PD field for several years (Yao and Wood 2009) .
If mitochondria are a nexus for parkinsonism associated with PINK1 mutations, then it might be logical that homologs are found in many organisms with mitochondria, that is, animals but not bacteria. But, because there are no clear PINK1 homologs in yeast, the function of this protein might be more recently acquired than the acquisition of mitochondria. Immediately, one might expect therefore that PINK1 function might not be essential for general mitochondrial function but, rather, for some more specialized function.
PINK1 and DJ-1 therefore made predictions regarding the types of cellular processes that might be important in recessive parkinsonism, namely, oxidative stress and mitochondria. Given that mitochondria are a major source of reactive oxygen species in mammalian cells, these might seem to be related to one another. However, parkin as an E3 ligase was not obviously related to either of these processes, and the likely role in protein degradation was emphasized in many articles.
Therefore, for one human condition, there are three genes that are conserved across evolution but, based on sequence data, are likely involved in different biological processes. Based on this, it is not clear if PINK1, parkin, and DJ-1 are in a single pathway or if they in effect phenocopy each other. Part of the answer to this question came from examining model systems of loss of function in other organisms, which, in turn, led to understanding that there were genetic pathways involved.
PATHWAYS TO PARKINSONISM
Given that mutations are loss of function, a reasonable way to try to model the disease should be to knock out PINK1, parkin, or DJ-1. For reasons that are not clear, this has not led to striking results in mice because even triple knockouts of all three genes did not have loss of dopaminergic neurons when aged to 2 yr old (Kitada et al. 2009 ).
But, in Drosophila models, knockout of parkin had dramatic effects. Although there are many E3 ligases, there appears to be one reasonably clear homolog of human parkin in flies. Genomic knockout of this homolog led to loss of flight muscles and male sterility. Interestingly, and surprisingly, these effects both appeared to be due to mitochondrial damage (Greene et al. 2003) . Also striking was the report that Drosophila parkin mutants show increased sensitivity to oxidative stress (Pesah et al. 2004) . Therefore, knockout of parkin in this simple organism seemed to link the two theories regarding loss of dopamine neurons discussed above, although the phenotypes were very striking and not simply loss of dopamine neurons; in fact, loss of neurons was not seen in one of the models (Pesah et al. 2004) . Unbiased assays of the proteome also highlighted mitochondrial dysfunction in parkin knockout mice, although without such dramatic morphological effects as seen in flies (Palacino et al. 2004 ).
This story became even more interesting when PINK1-deficient flies were made. Two groups independently showed that Drosophila lacking the single PINK1 homolog had the same types of muscle degeneration, male infertility, and mitochondrial phenotypes as the parkin mutants (Clark et al. 2006; Park et al. 2006 ). These phenotypes were PINK1 dependent because the human homolog could rescue the PINK1-deficiency phenotypes, which also shows that the Drosophila and human genes were functionally conserved.
Furthermore, although overexpression of parkin could at least partially rescue PINK1 phenotypes, the reverse was not true, implying a genetic pathway in which PINK1 is upstream of parkin. This is an important result because it implies that the phenotypes seen in different gene mutations are not phenocopies but can be used to indicate something specific regarding gene relationships. Furthermore, this putative relationship between PINK1 and parkin seems to strengthen the concept that parkin has an effect in the control of mitochondrial function.
In contrast, the relationship between DJ-1 and the other two genes discussed here is more complex. The original reports of DJ-1 knockout flies did not show such dramatic mitochondrial phenotypes, although they were reported to have altered sensitivity to oxidative stressors (Menzies et al. 2005; Meulener et al. 2005; Park et al. 2005; Yang et al. 2005; Lavara-Culebras and Paricio 2007) . However, more recent examinations of aged flies have revealed mitochondrial defects and shown that increased expression of DJ-1 can complement loss of PINK1, but not parkin function (Hao et al. 2010) . Overall, this suggests that DJ-1 acts in parallel, or perhaps downstream from PINK1, but is probably not a central part of the PINK1/parkin pathway.
Although these data were therefore incredibly important in developing ideas regarding relationships between different genes for parkinsonism, they did not immediately provide a biochemical explanation for why these proteins might have a similar effect. Although this is an active area of research, there have been several developments that have begun to resolve this issue.
BIOCHEMICAL FUNCTION IN THE PINK1/PARKIN PATHWAY
One question that initially seemed obscure is why parkin would have mitochondrial effects. Specifically, most studies of wild-type or mutant parkin reported cytosolic and nuclear localization (Cookson et al. 2003; Sriram et al. 2005; Hampe et al. 2006) , although some studies noted a small mitochondrial pool of the protein (Darios et al. 2003; Kuroda et al. 2006 ). Therefore, to have such strong mitochondrial effects, either parkin must be able to localize to mitochondria under some circumstances or must have an indirect effect on mitochondrial function via an undefined cytoplasmic or nuclear activity.
Support for the first possibility came from a series of experiments performed largely in HeLa cells in culture exposed to agents that depolarize mitochondria such as the protonophore CCCP (Narendra et al. 2008) . In these experiments, parkin was normally found in the cytoplasm and nucleus as previously reported but under conditions in which mitochondrial membrane potential (MMP) was disrupted, parkin was rapidly relocalized to the depolarized organelles. After recruitment, parkin mediated the selective turnover of depolarized mitochondria via autophagy, a form of lysosomal clearance also known as mitophagy. The expression of parkin helps to clear mitochondria that have mutations in the mitochondrial DNA (mtDNA) , suggesting that it might be an important form of mitochondrial quality control.
These data were then extended mechanistically to reconcile this cellular effect of parkin with its known biochemical activity as an E3 protein-ubiquitin ligase. Both mammalian and Drosophila parkin is capable of ubiquitylating mitofusin under these circumstances, causing degradation via the proteasome (Gegg et al. 2010; Poole et al. 2010; Tanaka et al. 2010; Ziviani et al. 2010; Glauser et al. 2011; Lee et al. 2011; Rakovic et al. 2011) . Mitofusins are large GTPases that sit on the mitochondrial surface and promote mitochondrial fusion. This is a regulated, dynamic process that allows for the redistribution of mtDNA and other components. Fused mitochondria are not suitable for degradation via mitophagy, thus the concept is that limiting fission allows for mitophagy.
Most of the above studies considered mitofusins as a candidate substrate, but the same proteins were also identified as being ubiquitylated and turned over by parkin in an unbiased proteomics screen (Chan et al. 2011) . However, and perhaps surprisingly, many other mitochondrial proteins were also degraded under the same circumstances. One interpretation of these data is that parkin is somewhat nonspecific as an enzyme and that once activated may generally be able to scaffold substrates and the E2 ubiquitin carrier in a concentration-dependent manner.
Subsequently, several groups showed that PINK1 was required for the process of recruitment of parkin under these conditions (Geisler et al. 2010; Kawajiri et al. 2010; Matsuda et al. 2010; Narendra et al. 2010; Vives-Bauza et al. 2010; Glauser et al. 2011; Rakovic et al. 2011 ). The recruitment of parkin requires kinase activity of PINK1 and for PINK1 to be present on the outer mitochondrial membrane. It has been suggested that the mechanism involves stabilization of PINK1 due to inhibition of cleavage by a membrane potential-sensitive protease, probably PARL Deas et al. 2011; Meissner et al. 2011) .
Importantly, disease-associated mutations in PINK1 all block the ability to support parkin recruitment. Similarly, mutations in parkin either are not recruited to mitochondria by PINK1 or are recruited and do not support mitophagy. This suggests that the process of recruitment of parkin in a PINK1-dependent manner may be central to inherited parkinsonism.
Furthermore, these data would also suggest that PINK1 and parkin are in the same biochemical pathway, as well as having a genetic relationship. The question, however, remains as to whether these two sets of data can be fully reconciled. Recruitment of parkin in mammalian cells under depolarizing conditions does not occur to a measureable extent in the absence of PINK1. Therefore, mitochondrial recruitment of parkin would not logically be connected to the genetic results in Drosophila.
Part of the answer may be that there is a function of parkin that is not strictly dependent on recruitment. One possible answer comes from studies examining substrates of parkin that are present in the cytoplasm and nucleus. Parkin has been proposed to regulate the turnover of the zinc finger protein ZNF746 (also referred to as PARIS, for parkin interacting substrate) via the proteasome (Shin et al. 2011 ). If parkin is absent, mutated, or modified by free radicals, the ZNF746 accumulates. Importantly, as a zinc finger protein, PARIS/ZNF746 binds to DNA and controls transcription of PGC1a, itself a transcription coactivator for several nuclear genes that control mitochondrial and oxidative metabolism (Zheng et al. 2010 ). Parkin may also have an impact on lipid metabolism pathways via turnover of CD36 (Kim et al. 2011) , which is present in vesicular structures (Steinbusch et al. 2011) , showing how it might affect multiple pathways.
Therefore, it is possible that parkin has two distinct sets of functions, one requiring recruitment to the outer mitochondrial membrane, which is dependent on PINK1, and one in which cytosolic/nuclear localization is important, which may or may not be PINK1 dependent. If correct, this predicts that parkin overexpression can rescue PINK1 by overcoming the lack of turnover of mitochondrial proteins, perhaps via up-regulation of mitochondrial biogenesis. This would resolve the apparent contradictions in some of these models and may explain why the rescue of PINK1-deficiency phenotypes by parkin in flies is only a partial effect. This may also be related to observations of changes in PGC1a-responsive genes in fibroblasts from parkin mutation carriers (Pacelli et al. 2011) . Finally, if it is correct that there are many functional locations of parkin, we might surmise that the apparent lack of specificity of the protein may have evolved from a need to coordinate several pathways; certainly mitochondrial biogenesis and turnover will be regulated by some of the same pathways.
However, there are still some mysteries concerning the PINK1/parkin pathway. One difficulty is that overexpression and knockout of parkin do not always give the expected opposite results. For example, older data showed that parkin overexpression would limit toxic effects of a-synuclein in vitro (Petrucelli et al. 2002) and in vivo (Lo Bianco et al. 2002) , but knockout of parkin does not enhance toxic effects of a-synuclein in a transgenic animal model (von Coelln et al. 2006) . Similarly, although turnover of mitofusins by parkin is associated with fragmentation of mitochondria before mitophagy (Yu et al. 2011 ), loss of parkin or PINK1 is also associated with shorter mitochondria (Exner et al. 2007; Lutz et al. 2009; Sandebring et al. 2009; Thomas et al. 2011) . Some of these contradictions may come about because of the different context of acutely activated parkin (e.g., by CCCP) versus long-term knockdown of the same gene in the context of altered regulation of other processes. For example, we have shown that in PINK1-deficient cells, there is activation of the phosphatase calcineurin, which influences the fusion protein Drp1 leading to fragmentation (Sandebring et al. 2009 ). Nonetheless, it is a concern that there is not a simple relationship between increased and decreased parkin function in all cases.
There are also some reasonable questions as to whether the mitophagy function of parkin is important in neurons. Specifically, it has been claimed that the relocalization of parkin to mitochondria does not occur in cortical or striatal/midbrain cultures because of differences in bioenergetics compared with cell lines (Yu et al. 2011) . The real question is, What happens in the brain? Experiments using knockout animals suggest that parkin is not recruited to complex I-deficient mitochondria and is not required for turnover of what are presumably energetically compromised organelles (Sterky et al. 2011) . Therefore, why parkin recruitment works well in some contexts and not in others still needs to be resolved, with particular attention being paid to the timing of events. This leads us back to a fairly fundamental question regarding the Drosophila models. One of the reasons that the experiments in flies were so reproducible was because the phenotypes were very robust and clearly related to mitochondrial function. Yet, in humans, the phenotype is less obviously related to multisystem mitochondrial problems, because a relatively pure, mild parkinsonism is much more subtle than classic mitochondrial disorders (Distelmaier et al. 2009 ). The mouse knockout models also only showed subtle mitochondrial phenotypes, perhaps suggesting that deficiency in the same gene in different species results in a different degree of effect. It might further be possible that the PINK1/parkin pathway is subtly different in Drosophila. For example, it could be that regulation of PINK1/parkin differs and might be constitutive in Drosophila but more dependent on membrane potential in vertebrates. In addition, we might consider that each organism may prioritize mitochondrial function in different ways. In the short-lived flies, perhaps more energy production is needed for spermatogenesis and flight compared with humans, where one might hope the brain would account for a bigger fraction of glucose utilization.
The next major challenge will be to resolve some of these abstract issues regarding the PINK1/parkin pathway so that we can better understand the models that we have. Relatively little attention has been given to how these processes affect mature dopamine neurons, although some excellent tools have been developed including conditional knockouts of parkin in the mature mouse brain achieved using virally delivered recombinases (Shin et al. 2011) .
WHAT DOES DJ-1 ACTUALLY DO?
All known DJ-1 homologs are relatively small proteins (22 kDa in humans) that form dimers in solution and in crystal structures. There are specific residues that are extremely highly conserved, including the cysteine residue (C106 in humans) in a predicted nucleophile elbow that appears to respond to oxidative stress by forming a sulfinic acid (Honbou et al. 2003; Huai et al. 2003; Lee et al. 2003; Tao and Tong 2003; Wilson et al. 2003) .
Several experiments in cell models (CanetAviles et al. 2004; Takahashi-Niki et al. 2004) , Drosophila (Meulener et al. 2006) , and in a rat model of stroke (Aleyasin et al. 2007 ) have all shown that C106 is essential for the activity of DJ-1, because replacement with other amino acids blocks neuroprotection. There is a remaining question regarding whether the sulhydryl group on the cysteine or the sulfinic acid on the modified side chain is critical, because substitution for a charged aspartate residue is not neuroprotective (Meulener et al. 2006 ). Our own work has shown that modulation of the ability of the cysteine to sustain a sulfinic acid, by modulating a nearby glutamate residue without changing C106 itself, affects the ability of DJ-1 to protect against mitochondrial damage in cells (Blackinton et al. 2009 ). Therefore, available evidence would support the idea that the modification of DJ-1 is important for function.
The question then becomes, What is the function of DJ-1? The above data reinforce the idea that oxidative stress is mechanistically important somehow, but the molecular details are vague. One possibility is that DJ-1 has a rather direct antioxidant-scavenging role, but this is probably not sufficient to explain the role of DJ-1 in disease for two reasons. First, cells have many other antioxidants that are efficient and are present at relatively high concentrations. For example, glutathione has three free sulhydryl groups and is present at up to 5 mM in the liver, many times the concentrations that proteins reach. Therefore, unless DJ-1 has a very specific antioxidant capacity, it is not likely to influence overall reactive oxygen species (ROS) levels to any significant extent. In addition, when the rate constant for reaction of hydrogen peroxide with DJ-1 was measured, this was far less than for known enzymes such as peroxiredoxins (Andres-Mateos et al. 2007) , although C106 was again identified as the critical residue.
If DJ-1 is responsive to oxidative stress but does not have enough substantive enzyme activity to decrease ROS within a cell directly, then it is likely to have another function that is evolutionarily conserved. For example, based on amino acid similarity to other members of the DJ-1 superfamily, it has been suggested that DJ-1 may be a chaperone (Shendelman et al. 2004; Zhou et al. 2006 ) or a protease (Olzmann et al. 2004; Chen et al. 2010) , although the structural basis of these activities is unclear. Additionally, several protein interactors have been proposed, but these are generally not conserved across evolution, and thus it is not clear if they represent a general aspect of DJ-1 function.
Overall, there is no clear connection between DJ-1 function and its ability to protect cells against mitochondrial damage other than an ability to suppress oxidative stress. These are likely related given that depolarized mitochondria can leak electrons to cause ROS. There is evidence that hydrogen peroxide, formed by reaction of electrons in an aqueous environment, can act as a neuromodulator in the dopaminergic system, with the net effect of slowing dopamine release (Rice 2011) .
In this context, it is interesting that substantia nigra neurons, which are relatively affected in parkinsonism, have different mitochondrial properties compared with other types of cells (Guzman et al. 2010) . Importantly, DJ-1 will suppress this excess oxidative stress production. Therefore, it is possible that within the mammalian system, the effects of DJ-1 are relatively subtle because, rather than dealing with bulk radical formation in all tissues, the protein has evolved to be important only in some contexts, such as balancing excess H 2 O 2 signaling in some cell types. This may be supported by the observations of altered dopamine release in DJ-1-deficient animals (Chen et al. 2005; Goldberg et al. 2005; Pisani et al. 2006; Ishikawa et al. 2009; Martella et al. 2011) .
It is also worth considering the relationships between DJ-1 and the PINK1/parkin pathway in the context of biochemical functions. Phenomenologically, all three proteins exert an effect on mitophagy, because DJ-1 deficiency increases markers of autophagy (Gonzalez-Polo et al. 2009; Krebiehl et al. 2010; Thomas et al. 2011 ). In our own experiments, there is an accumulation of LC3, a marker of autophagy, near mitochondria in DJ-1-deficient cells, and this can be blocked by antioxidants (Thomas et al. 2011 ).
This would indicate that such effects are probably downstream from the primary action of DJ-1, which contrasts to the more primary role of PINK1 and parkin in signaling and triggering the removal of mitochondria. This is perhaps one way in which the three proteins might be in somewhat parallel pathways, leading to an increased rate of mitochondrial turnover due to oxidative damage (DJ-1 deficiency) or failing to clear defective mitochondria (PINK1/parkin deficiency) even if there are no close biochemical links between the three.
CONCLUDING REMARKS
The fairly substantial body of work in the literature on PINK1, parkin, and DJ-1 has highlighted several critical pathways that are probably involved in recessive parkinsonism. This is drawn from a number of experimental systems, and understanding what each of them tells us involves some knowledge the evolutionary relationships between the organisms studied and how the genes function in each. What is clear is that at least some functions are conserved, but there are likely to be subtleties in usage that have driven the relative phenotypes in each model system.
What still needs to be resolved are the finegrained details of mechanisms by which PINK1/ parkin and DJ-1 function. In particular, there are unresolved questions regarding the ability of parkin to rescue PINK1 deficiency, where the data in flies and in cell culture need to be reconciled. There are also significant gaps in our knowledge regarding which of these functions can be shown to be active in the mature mammalian brain, particularly in dopaminergic neurons. Finally, whereas the enzymatic functions of PINK1 and parkin are known, the precise biochemical function of DJ-1 is still somewhat mysterious, and this might be important in understanding which functions of the overall pathway lead to dopamine cell loss, with the important caveat that DJ-1 appears to be in a parallel pathway and therefore might partially be a phenocopy of PINK1/parkin deficiency.
As a final thought, it is of fairly substantial concern that little of this knowledge has impacted the people who have any of these diseases. In part, this simply justifies knowing more regarding the biology so that we can develop appropriately targeted approaches, because biological processes as broad as oxidative stress or mitochondrial function have not yet yielded much in the way of therapeutics. But in addition, this reinforces the notion that although human genetics has told us a great deal, we still need to find ways to apply it back to humans, and this constitutes the biggest challenge we face. 
